This study is performed in the Bondoukou area located in north-eastern Côte d'Ivoire. The aim of this study was to improve the assessment of transmissivity of the highly fractured aquifers of Bondoukou area using kriging techniques. A previous estimation of the transmissivity was conducted with aquifer transmissivity of crystalline rocks (n = 62). These transmissivities were later supplemented by 78 samples of aquifer transmissivity of metamorphic rocks. The results of this study were compared with those obtained in crystalline rock aquifers. In both cases, the variogram exhibits a large nugget effect representing respectively 63 and 70% of total dispersion. The nugget effect of this study is less important than the previous study. The range is equal to 12 km and is larger than that obtained in the previous study. The structuring of the variogram is enhanced when we consider the aquifer transmissivity of metamorphic rocks. Transmissivity estimated in both studies varies between 4.00E-06 and 1.72 E-06 E-05 m 2 .s -1 and between 3.86 E-06 and 1.84 E-05 m 2 .s -1 respectively in the previous study and in this study. In both cases, the observed and estimated transmissivities values are comparable and are spread over two orders of magnitude. Kriging maps showed that the estimation of transmissivity in Bondoukou area is better in this study. The results obtained in this study are interesting because they showed improved estimate of the transmisssivity in the Bondoukou area.
INTRODUCTION
In Côte d'Ivoire, the basement occupies the majority of the territory, over 97.5% of the territory. This basement consists of crystalline and metamorphic rocks, which are fractured by different tectonic events (Camil, 1984; Kouamelan, 1996; Djro, 1998) . Rocks deformations led to the development of fractures. In this country, groundwater is constituted of water from sedimentary and hard rocks reservoirs. The bulk of groundwaters are contained in aquifers formed by fractured basement. Groundwater resources management and optimal exploitation require an accurate knowledge of hydraulic properties of aquifers, which controls the groundwater flows (Painter et al., 2007; Onetié et al., 2010) . Obtaining reliable hydrological input parameters is one of the key challenges in groundwater modelling applications. Transmissivity is a major hydraulic parameter of aquifers and is evaluated using pumping tests (Mace et al., 1999; Razack and Lasm, 2006; Gupta, 1989; Kawecki, 1993 , Helweg, 1994 . However, available pumping tests are often few, which does not allow analysing and assessing the distribution of this important parameter on large areas using classical methods. Transmissivity is a highly variable parameter, it often varies dramatically and exhibits large fluctuations. It is rarely feasible to obtain enough measurements to fully characterize an aquifer (Painter et al., 2007; Boucher et al., 2009) . This variability in space can be explained by the fact that the aquifers are often heterogeneous. The use of geostatistical techniques allow the estimation of this parameter on the entire study domain with a better accuracy (Razack and Lasm, 2006; Lasm et al., 2008; Baka et al., 2011) . During the last decades, several studies De Marsily, 1987, 1993; Fabbri, 1997; De Marsily et al., 1999; Razack and Lasm, 2006; Lasm et al., 2008) have been carried out in geostatistical analysis of aquifers hydraulic parameters such as transmissivity and permeability. The different findings have shown that the geostatistical approach can lead to a reliable estimation of the transmissivity. In Côte d'Ivoire, the study of the transmissivity has been performed by many authors (Faillat, 1986a et b; Soro, 1987; Biémi, 1992; Savané, 1997; Savané et al., 1997) . Unfortunately these studies are limited to statistical description. There are very few works (Lasm, 2000; Razack and Lasm, 2006; Lasm et al., 2008; Lasm et al., 2009) concerning geostatistical estimation of fractured crystalline and metamorphic aquifers parameters. Techniques to estimate transmissivity data have been successfully applied in many aquifers in Côte d'Ivoire by Lasm (2000) , Razack and Lasm (2006) and Lasm et al. (2008) and elsewhere to provide valuable information for inputting in numerical models and for evaluating water resources.
The work presented here, concerns an area located in north-eastern Côte d'Ivoire (Bondoukou) where fracturing is developed and boreholes available for drinking water supply are quite few. This study aims at improving the transmissivity assessment of crystalline and metamorphic fractured aquifers based on a geostatistical approach. The findings will contribute to a better hydrogeological knowledge of these fractured aquifers in order to implement optimal exploitation of their water resources.
Study area:
The study area is located in the northeastern part of Côte d'Ivoire between the latitudes 7°55' and 8°30' north and longitudes 2°40' and 3°20 ' west and covers a surface of 4 225 km 2 (figure 1). Bondoukou area includes two main rivers: the Comoé river to the South-East and the Black Volta river to the North-West. The hydrographic network of this area is dense. The drainage network is associated to the faults network (La Barbera and Rosso, 1989; Phillips, 1993; Lasm and Razack, 2001 ), i.e. the rivers flow principally in the faults network.
In this area, the first hydrogeological studies are the works of Lasm et al. (2008) and Youan which constitutes important findings in the knowledge of aquifer transmissivity in this area. The assessment of this hydraulic parameter over the whole area proves that it is important to understand the groundwater flow and projected modelling tasks.
In Bondoukou area the failure rate of hydrogeology prospecting is very low, this rate is about 20%. This result can be explained by the prospecting approach used in the rural hydraulic program, where boreholes are carried out based on geomorphologic considerations (Faillat, 1986a; Biémi, 1992; Lasm 2000) . The geophysical methods are only used when the failure rate is important (> 50%) (Faillat, 1986a; Biémi, 1992) . The major fault of Sassandra divides the crystalline basement of Côte d'Ivoire in two principal geological domains: the archean domain in the western part and proterozoic domain in the eastern part. These two domains occupy about 97.5% of Côte d'Ivoire and the remaining 2.5% of the land is occupied by the sedimentary coastal catchment. Bondoukou area is a part of the proterozoic domain of Côte d'Ivoire. Regarding geological aspects, proterozoic domain comprises a set of gneisses, constituting the basement of supracrustal formations which have volcanic, sub-volcanic and sedimentary origin, deposited in furrows or intracratonic basins in which the granites of the Eburnean cycle took place (Kouamelan, 1996) . These formations were differentiated from the mantle between 2 200 and 2 300 Ma and characterize the Birimian. In Bondoukou area, three lithological units can be distinguished (figure 1): i) schist unit, constituted of several different petrographic sub-units, outcroping in the southern and the central part of the sector; ii) an intrusive unit consisted primarily of granodiorite more or less metamorphized and secondarily of granites and tonalites; iii) a tarkwaian unit constituted of posttectonical detritical formations represented by conglomerates, sandstones and arkoses.
The works of Jourda (2005) , Youan , Youan and Youan Ta et al., (2011) have shown that the Bondoukou area is intensely fractured and includes thousands of fractures with variable sizes. They performed a critical and synthetic study of the fracturing of this area. The second and third studies point out many fractures of regional size (30 to 80 km) which where unknown by previous studies (Youan . The findings of these authors contributed to update fractures mapping of the Bondoukou area. The fracturing data comes from the interpretation of satellite images of ETM+ Landsat, aerial photos and geological field surveys. The directional histogram analysis shows that fracturing in the Bondoukou area is almost homogeneous, indeed major fracture directions are not clearly identified (figure 2). The distribution frequencies of the family of fractures spread between 2.25 and 9.7%. Tectonics of this area is polyphased and quite complex compare to the other fractured provinces of the country Delor et al., 1995) . Data available for this study come from pumping tests performed on isolated boreholes. The boreholes were drilled in crystalline and metamorphic fractured hard rocks (figure 1). A critical and synthetic study of hydrogeology of the fractured crystalline basement aquifers was recently performed by Lasm et al. (2008) and . In the study area, crystalline rocks occupy the most geographical distribution (more than 2/3 of the total area) and schist formations occupy 1/3 of this area. Therefore numerous boreholes are drilled in the crystalline rocks and so very few in schist rocks. It is the main reason why a previous study was performed by Lasm et al. (2008) concerning transmissivity assessment on solely crystalline rocks using 62 data points of transmissivity to characterize this formation.
This study incorporates all available data of transmissivity in Bondoukou area i.e. in crystalline and metamorphic rocks. All boreholes tap the fractured aquifers of which 62 and 16 respectively in the crystalline rocks and metamorphic rocks.
Transmissivity values were determined from the interpretation of pumping tests data using the recovery test data and Theis recovery method (Theis, 1935) in order to eliminate the effect of turbulent head losses in the borehole and gravel pack (Razack and Lasm, 2006; Lasm et al., 2008) . Drawdowns were measured directly in pumping well. The pumping test is a step drawdown test with generally three steps lasting from 4 to 12 hours and 2 to 4 hours of recovery. The pumping tests lasting less than 12 h were not kept.
The boreholes are distributed on a surface of 4 225 km 2 (65 km × 65 km) (figure 1). Boreholes studied in this work don't all on the geological map (figure 1) because of study area size and the scale used. Indeed, several boreholes in the villages are confounded in one point on the map. It's the example of Bilekie, Biraodi, Brougoudom, Dovagne, Kuafo, Sekouaye and Soko Sorobango villages. It is the reason why the number of boreholes is reduced on the geological map.
Boreholes distribution over the area is not homogeneous. Indeed, boreholes don't cover the totality of the study area, the south part of study area includes very few data; the north, centre and east parts have the majority of data. , span two orders of magnitude, and reflect the heterogeneity of these aquifers. This finding is in agreement with the works performed in basement of Côte d'Ivoire and West Africa (Faillat and Leblond, 1982; Faillat, 1986 a and b; Biémi, 1992; Lasm, 2000; Jourda, 2005; Lasm et al., 2004; Razack and Lasm, 2006) . The summary statistics is given in table 1 and the frequency distribution of raw transmissivity (logT) is illustrated on figure 3. This distribution indicates clearly that the variables logT and T are respectively normal and lognormal. The Khi-2 test shows that the adjustment of a normal distribution of logT is suitable at the significance threshold of 10%. This finding is in agreement with literature data as well for porous aquifers (Aboufarissi and Marino, 1984; Ahmed and de Marsily, 1987; Razack and Huntley, 1991) as for fractured aquifers (Fabbri, 1997; Jalludin and Razack, 2004; Razack and Lasm, 2006; Painter et al., 2007) . 
METHODS
The aquifer transmissivity is a parameter that is fundamental to any groundwater flow characterization and allows a better evaluation of hydrogeological properties of an aquifer. However, this parameter varies greatly in space and it is generally known at a few points because pumping test implementation is laborious and expensive. Transmissivity can be estimated on the whole study area using geostatistical methods. In the present study, kriging techniques will be used to assess the transmissivity of Bondoukou area aquifers. Transmissivity was regarded as regionalized variable, i.e. each value depends on its geographical position, and is treated by using geostatistical methods.
Variogram is defined by the following equations 1 and 2 for a given regionalised variable Z:
Where Var [Z(x)] is the variance at point x; h is the vector of module (x-x'); E is the mathematical expectation. The geostatistical methods used in this study are variogram analysis and kriging technique. Kriging takes into account the spatial structure of the variable, characterized through the experimental variogram, which should previously be adjusted by a theoretical analytical model. The estimator Z* of the variable Z at a point x 0 is given by equation (3):
where, Z* is a linear estimator; N is the number of values involved in the estimation; i are weights. Two major conditions such as unbiasedness and optimality condition must be checked. The estimated errors (differences between the true values and the estimated values) should have a mean equal to zero and a minimum variance (see Razack and Lasm, 2006) . The readers interested can see more detailed presentations and calculations in Journel and Huijbregts (1978) , Isaak and Srivastava (1989) and Kitanidis (2000) .
Data processing was performed using software GEO-EAS (Englund and Sparks, 1991) . The experimental variogram obtained here is modelled using the exponential function.
The different results of this study will be compared to the findings obtained from previous study in crystalline rocks, i.e. experimental variogram, kriging and standard deviations maps. A statistical analysis will be carried out with transmissivity data (estimated and raw data).
Before performing the kriging of the transmissivity (logT) on the whole study area (crystalline and metamorphic rocks), we checked if the two principal geological domains, i.e. crystalline and metamorphic rocks have the same hydrogeological behaviour. Transmissivity and specific capacity data of two domains were analysed. The summary statistics of the two variables (T and Q/s) is presented in the table 1. The average of the transmissivity on the both geological areas is 1.21E-05 m . These values are similar on statistic viewpoint, and indicate that both domains have similar hydrogeological behaviour. For this reason, it is reasonable to use all transmissivity data in crystalline and metamorphic rocks. The study area can be then considered as one medium. In this condition, kriging techniques can be used to assess transmissivity on the whole Bondoukou area.
Raw transmissivity (T) values are transformed into logarithmic values (logT) before undertaking the geostatistical analysis. Variographic analysis is performed using the logarithmic transform of the data.
Cross validation procedure:
The cross validation procedure aims to validate the structural models used to perform an estimate by kriging or cokriging. Its purpose is to analyse the estimation errors. In fact, the procedure eliminates a single value (Z i ) from the data set and perform a kriged estimation (Z i *) at this location. This is repeated for all the data set. Cross validation procedure compares actual values with estimated values. If the variogram model is valid, then the following results should be verified: the average of the actual errors should be zero and their variance (( e 2 ) should be a minimum; the ratio of variance of actual errors to average kriging variance (( e 2 / K 2 ) should be one. This procedure is described in details in Clark (1986) , Gascuel-Odoux et al. (1994) and Razack and Lasm (2006) .
RESULTS

Analysis of variograms of logT:
The omnidirectional experimental variograms of logT is calculated and reported on figure 4. This diagram clearly displays, near the origin, a significant nugget effect (C 0 ) representing about 63% of the total dispersion on this variogram. The spatial structure of the variogram of logT indicates that the variable logT behaves like a regionalized variable. Indeed, this experimental variogram is characterised by a sill (C = C 0 + C 1 ), a practical range (a) and a nugget effect (C 0 ) (see Eq. 4). The practical range generally represents the distance over which a parameter is spatially correlated. The variogram has relatively large nugget effect, suggesting a large amount of randomness due to local-scale heterogeneity and/or measurement errors. On the figure 5 the experimental variogram of logT calculated by using solely the tranmissivity data on crystalline rocks is illustrated. This variogram presents again a larger nugget effect representing about 70% of the total dispersion. Nugget effect is usually encountered in geostatistical analysis. It is difficult on the variogram to separate the nugget effect in local scale heterogeneity from measurement errors. Transmissivity data available does not permit to describe this local scale heterogeneity. At large distances, the experimental variogram fluctuates around the sill, indicating a stationary phenomenon. The regionalization parameters (practical range, sill and nugget effect) characterize the spatial structure of logT.
The two experimental variograms of logT (i.e. Eqs. 4 and 5) are compared. The following observations can be made:
The nugget effect (C 0 ) is large in the two cases representing 63 and 70% respectively on crystalline and metamorphic rocks and on crystalline rocks solely. The large value of the nugget effect can be explained by the presence of aquifers in which transmissivity values are very variable on short or small extents. In crystalline rocks, the nugget effect is larger and can be explained by the size of the study sample. Indeed, the size of the sample can improve the experimental variogram quality. The variogram structure in this study is better because the nugget effect is less important than the one in the previous study. Indeed, the dispersion of the transmissivity is bigger in crystalline rocks than in crystalline and metamorphic rocks.
The practical range is big in both cases and is equal to a = 12 km and a = 10 km respectively. The practical range of variogram of logT on crystalline and metamorphic rocks is slightly higher than the range of variogram of logT on crystalline rocks.
It means that two points in the field separated by a distance less than the practical range remain correlated with each other. This large correlation length can be explained by the intensity of tectonic events in this area and connectivity of fractures network . Indeed, the study of fracturing performed by Youan and Youan using satellite images from the sensors of Landsat ETM+ showed the high density of fracturing and the presence of many longer fractures which size varies from 30 to 80 km. This high density is favourable for good connectivity of fracture networks.
The comparison of sill (C 1 = C-C 0 ) shows that C 1 in the Eq. 4 is higher than the ones in Eq. 5. The fact to take into account the transmissivities of metamorphic rocks in this study improves slightly the experimental transmissivity variogram. This slight improvement can be explained by the numerous data recorded in this study (n = 78) that is more than in the first study (n = 62). The finding on crystalline rocks will possibly be enhanced if available data of transmissivity is numerous.
The structure of the variogram logT is better with Eq. 4 than Eq. 5, and can be used to represent spatial structuring of the transmissivity (logT) of Bondoukou area. This finding will be explained by the transmissivity data number on the one hand and the spatial distribution of data on the other hand. Available data would play an important part in the variogram's logT structure and therefore will influence the quality of the estimator. Indeed, more the available data are numerous better will be the variogram.
Cross validation results:
The variogram model given in equation (4) and available logT sample data (78 values) are used to perform an assessment of logT over the whole domain by using ordinary kriging (OK). Kriging has been carried out on a grid with a mesh size of 3 km × 3 km. A cross-validation procedure of the selected variogram model (Eq. 4) is carried out in order to check its validity. Using crossvalidation procedure, a comparison of the accuracy of this geostatistical models, was performed (table 2) . The values found here for this theoretical model are the followings: Me = 0.004618 and  e 2 / K 2 = 1.1098.
In this case, the average of the actual errors (Me) and the ratio ( e 2 / K 2 ) are respectively close to 0 and 1. Consequently they are in conformity with theoretical values. It can be concluded that the exponential variogram model used in this study is valid. The frequency distribution of estimate errors (logT* -logT) is shown on figure 6 . The frequency distribution is symmetrical and centred around zero. This distribution can be described by a normal law, which is also an indication of model validity. Estimate error (logT*-logT) Relative frequency (%) 
DISCUSSION
Kriging estimation has been performed on two areas: i) on solely crystalline rocks, ii) on crystalline and metamorphic rocks; the aim being a better knowledge of the transmissivity in Bondoukou area.
Cross-validation results of these different studies are shown in tables 2 and 3. Analysis of these tables shows that in both cases, the results are satisfactory.
Indeed, average of the actual errors and variance ratio of the actual errors to the average kriging variance are respectively closed to zero and one. However, it can be noted that the cross validation results of crystalline rocks (Me = -0.02707 and e 2 /k 2 = 0.92381) are lower than these of crystalline and metamorphic rocks (Me = 0.00461 and e 2 /k 2 = 1.10979). We can conclude that the structural models used in these studies are valid. . The observed and estimated transmissivity values spread over two orders of magnitude.
These results indicate that from a statistical viewpoint, both observed and estimated transmissivity data sets are similar.
In the first and present studies, the estimated values are comparable and similar from a statistical viewpoint.
Krigged logT maps using Eq. 4 and Eq. 5 are illustrated respectively on figures 7a and 7b. The estimated logT oscillate respectively between -1.86 and -1.18 and between -1.84 and -1.21. The values of logT in both studies are comparable from a statistical viewpoint, the amplitude of these values is 0.68 on crystalline and metamorphic rocks and 0.63 on crystalline rocks. The amplitude of estimates logT is slightly important in present study. This result is in agreement with the standard deviation of the errors of estimate (kriging standard deviation) values. On these two maps, the same parts of smaller and higher values of kriging logT can be observed. The sectors of smaller values are found principally in south-western, eastern and western to northern parts of Bondoukou area.
The standard deviation of the errors of estimate (SDEE) ranges between 0.13 and 0.26 in the current study and between 0.16 and 0.27 in the previous study. It's clearly illustrates that the SDEE of estimate is less important in this study than in the first study. This is an indication of the quality of the assessment. Indeed, the standard deviation of the errors of estimate is an indicator of the confidence to be granted to the kriging estimates. To allow a good comparison, kriging maps of the two studies (kriging logT, standard deviation of the errors of estimate and backtransform logT to T) are plotted in the same colour (blue and red respectively for smaller and higher values) and have the same equidistance (see figures 7 to 9). Analysis indicates that: i) more than12% of standard deviation of the errors of estimate (i.e. SDEE < 0.16) in this study is lower than the smallest of SDEE in the first study; ii) and 3% (i.e. SDEE > 0.26) of this SDEE in the first study is larger than the strongest value of the SDEE in this study.
Therefore 88% of SDEE values obtained in this study is more or less similar to those obtained in the first study. In conclusion, kriging standard deviation values in crystalline and metamorphic rocks (using Eq. 4) are generally better than those in crystalline rocks (using Eq. 5). On SDEE maps (figures 8a and b), the sectors with large values of standard deviation are located in the same sectors i.e. in the northeastern and south-eastern parts of the study area. The results are in agreement with field observation (see figure 1) . Indeed, they are very few or no data available in these parts, it can be reasonably stated that the standard deviation values are larger in this part. However, SDEE is smaller in the parts where transmissivity data are available. On figure 8b (on crystalline rocks), the areas covered by larger values of SDEE are more important than the ones on figure 8a (on crystalline and metamorphic rocks). This result can be explained by the fact that there are numerous transmissivity data in this study (n = 78) than in the first study (n = 62). On the figure 8a, the smaller values of standard deviation are met at Sokola, Laoudi Ba, Sekouaye localities on the one hand, Dinaoudi and Bilaodi localities on the other hand. These localities are located in the centre-eastern and south-western parts of study area. Let's note that the values of SDEE inferior to 0.16 are not met in the kriging standard deviation map obtained on crystalline rocks (figure 8b). On figure 8a, there is no standard deviation values which are larger than 0.26, that is an important finding which indicates quality of transmissivity estimation. The kriging standard deviation map obtained in this study (figure 8a) is therefore better than the ones of the first study (figure 8b).
The accuracy of estimated transmissivity map can be, to some extent, interpreted with the use of the kriging standard deviation related to logT kriging. We can assume that places where logT estimates are not reliable, estimates of T (obtained through a backtransform) are also not reliable. Kriging standard deviation varies very little in crystalline and metamorphic rocks (0.13 to 0.26). Note however that, towards the boundaries of study area (north-east, south-east and north-west parts), kriging standard deviation increase gradually. Thus estimates become less and less reliable but stay acceptable. Areas of good estimation are numerous and occupy a large extension on study area. These areas of good estimation are principally located at the centre (Sokola Laoudi Ba localities), south-west (Bilikié and Bilaodi localities) and north parts (Brougoudoum locality). Reliable and less reliable estimate zones are well distinguished on the kriging standard deviations map (figures 8a and 8b) . In parts where data available are numerous, kriging standard deviations are lower and the estimates are reliable and can be accepted (see figures 1 and 8).
The kriging map remains despite everything an estimate, which although being optimal, doesn't respect strictly the entirety of real spatial variability of the phenomenon being analyzed. It is conceived easily that such a difference can exist between the phenomenon in its reality and its kriging estimate (Razack, 1984) .
We will retain in this study that generally, kriging standard deviations map shows that assessment of the transmissivity of Bondoukou area is coherent. There is compatibility between estimated values and observed values of transmissivity. In two studies, findings obtained are reliable and acceptable. However, the comparison of findings from two studies demonstrates that transmissivity assessment is clearly good when we take into account transmissivity in crystalline and metamorphic rocks. Indeed, values of standard deviation of the errors of estimate are the lowest.
The transmissivity assessment on basement fractured aquifer of Bondoukou area has been improved with transmissiviy on crystalline and metamorphic rocks by using the variogram of Eq.4. On this basis, estimates of transmissivity of Bondoukou area proved coherent and are acceptable. These estimates of transmissivity can therefore be use for groundwater simulation and groundwater modeling to understand the groundwater flow dynamics in the fractured crystalline basement of Bondoukou area .
The findings in this study notably estimates values are representative of transmissivity on Bondoukou area and are important and very interesting for a good knowledge of fractured aquifers parameters.
CONCLUSION:
This study aim was to improve the assessment of transmissivity of the highly fractured aquifers of Bondoukou area using kriging technique. The main findings of this study are summarised as follows: -Actual transmissivity values in Bondoukou area are spread over two orders of magnitude, revealing the heterogeneity of the Bondoukou aquifer. The geostatistical analysis indicates that the transmissivity (logT) is a regionalized variable. The variogram of logT is characterised by a significant nugget effect representing more 63% of total dispersion. The practical range is equal to 12 km, which is important and would show good connectivity of the fractures networks of Bondoukou area. The variogram structure in this study is better than the one obtained in the previous study.
Cross validation results showed that the condition of unbiasedness and optimality are met in this approach. Estimate transmissivity range between 3.86E-06 and 1.84E-05 m 2 .s-1 and between 4.00E-06 and 1.72E-05 m2.s -1 respectively in this study and previous study. In both studies (observed and estimated values), the amplitudes of variation of transmissivities are identical. Estimates values on the study area are generally coherent and compatible with the raw data. Transmissivity assessment of Bondoukou area has been improved using available transmissivity data on crystalline and metamorphic rocks.
The comparison of two studies showed that the results of the current study (using Eq. 4) are better than the result of the previous study (using Eq. 5).
The use of the kriging technique has permitted a better knowledge of this important hydraulic parameter on the study area. This improvement of knowledge about these aquifers is a basic stage that will permit to undertake further tasks regarding the modelling of these aquifers.
